University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2-1-2022

Diketopyrrolopyrrole Derivatives for Single Material Solar Cells
Adam M. Cassar
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd
Part of the Chemistry Commons

Recommended Citation
Cassar, Adam M., "Diketopyrrolopyrrole Derivatives for Single Material Solar Cells" (2022). Electronic
Theses and Dissertations. 8801.
https://scholar.uwindsor.ca/etd/8801

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Diketopyrrolopyrrole Derivatives for Single Material Solar Cells

By

Adam M. Cassar

A Thesis
Submitted to the Faculty of Graduate Studies
Through the Department of Chemistry and Biochemistry
in Partial Fulfillment of the Requirements for
the Degree of Master of Science
at the University of Windsor

Windsor, Ontario, Canada

2022

© 2022 Adam M. Cassar

Diketopyrrolopyrrole Derivatives for Single Material Solar Cells

by

Adam Cassar

APPROVED BY:

____________________________
P. Henshaw
Department of Civil and Environmental Engineering

_____________________________
S. Rondeau-Gagne
Department of Chemistry and Biochemistry

_____________________________
H. Eichhorn, Advisor
Department of Chemistry and Biochemistry

February 15, 2022

DECLARATION OF ORIGINALITY
I hereby certify that I am the sole author of this thesis and that no part of this
thesis has been published or submitted for publication.
I certify that, to the best of my knowledge, my thesis does not infringe upon
anyone’s copyright nor violate any proprietary rights and that any ideas, techniques,
quotations, or any other material from the work of other people included in my
thesis, published or otherwise, are fully acknowledged in accordance with the
standard referencing practices. Furthermore, to the extent that I have included
copyrighted material that surpasses the bounds of fair dealing within the meaning of
the Canada Copyright Act, I certify that I have obtained a written permission from
the copyright owner(s) to include such material(s) in my thesis and have included
copies of such copyright clearances to my appendix.
I declare that this is a true copy of my thesis, including any final revisions,
as approved by my thesis committee and the Graduate Studies office, and that this
thesis has not been submitted for a higher degree to any other University or
Institution.

iii

ABSTRACT

Although diketopyrrolopyrroles (DPPs) have been extensively studied as
organic pigments and dyes and as building blocks for molecular and polymeric
organic electronic materials, their propensity for self-organization has been given
surprisingly little attention. Self-organization provides control over the morphology
and supramolecular structure of materials and, consequently, the performance of a
material. The dependence of performance on supramolecular structure is particularly
delicate in bulk heterojunction organic solar cells and the emerging low-cost single
material organic solar cells (SMOSC). Most donor-acceptor dyads and triads
presently developed for SMOSCs consist of dyes as electron donors and fullerene
derivatives as electron acceptors, but their supramolecular packing and morphology
is usually ill defined. Presented in this thesis is the design and synthesis of a selforganizing DPP derivative that could be used as an e-donor component in DA dyads
and ADA triads with fullerene derivatives as e-acceptors. The targeted DPP
reference compound was prepared in good to fair yields and contains two 3,5didodecyloxybenzoic ester groups as placeholders for fullerene ester derivatives.
The 3,5-didodecyloxybenzoic ester groups induce columnar mesomorphism
between below -50 ºC and 205 ºC and strong - staking interactions are observed
in both soft crystal and liquid crystal columnar mesophases based on variable
temperature powder XRD, differential scanning calorimetry, and polarized optical
microscopy. Also favourable for its application in dyads and triads for SMOSCs are
the absorption properties, orbital energies, and solubility of this DPP derivative.
Orbital energies were estimated based on the optical gaps and the redox potentials
determined by cyclic voltammetry in solution. Future work will focus on the
substitution of one or both benzoic ester groups with fullerene containing ester
groups for device tests in SMOSCs.
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CHAPTER 1 – Introduction

1.1 Diketopyrrolopyrrole as Multifunctional Dyes
Diketopyrrolopyrrole (DPP) is an organic pigment first discovered in the early 70s
by Farnum and co-workers.1 Throughout the years further research on this pigment led to
the realization of rather advantageous properties such as its intense colour, excellent
thermal and photostability, low solubility and broad absorption range. Consequently, DPP
has been used in a variety of industrial applications such as paints, inks, plastics and highquality printing. More recently, these favourable properties along with the discovery of its
highly fluorescent nature when alkylated on the lactam nitrogen, made DPP a valuable
chromophore for applications in organic electronics. Indeed, DPP derivatives are
ubiquitous in materials for organic photovoltaics (OPVs),2 organic light emitting diodes
(OLEDs), organic field effect transistors (OFETs),3 memory devices, chemical sensors,3
and fluorescent probes for bio-imaging.4,5,6
While there are many potential applications for DPP due to its favourable
properties, its high propensity for crystallization and limited number of substitution
patterns pose many synthetic challenges which requires rigorous design to achieve
desirable results. Typically, either branched or linear alkyl chains are attached to both
lactam amine groups while aromatic groups are attached to the 3 and 6 positions of the
DPP core (Figure 1.1).

Figure 1.1: General structure of DPP.7
1.2 Synthesis of Diketopyrrolopyrrole
1.2.1
Synthesis of Symmetric DPP Derivatives
The first synthesis of DPP was the result of an attempted synthesis of unsaturated
beta-lactam I using a reaction of ethyl acetate with benzonitrile in the presence of zinc
under Reformatsky conditions. The desired unsaturated beta-lactam was not synthesized
but a new dilactam was generated although in poor yields, which is now known as DPP
(Scheme 1.1). The dilactams bright red colour and very low solubility led to the realization
that it could be considered as an organic pigment and attempts to optimize the yield of the
1

reaction ensued. Farnum et al. was only able to improve the yield to approximately 20%,
which resulted in the work being published, but abandoning further research.1,7

Scheme 1.1: First synthesis of DPP.7
This newly discovered pigment by Farnum and co-workers went practically
unnoticed, until researchers who are a part of Ciba-Geigy AG (currently part of BASF)
rediscovered the work done by Farnum et al. on this pigment around 1980.8 To the chemists
at Ciba-Geigy AG, the chromophore of DPP resembled other known chromophores such
as indigo, epindolindione, and quinacridone (Figure 1.2). Using this comparison, the
conclusion that the low solubility of the DPP core was due to intermolecular hydrogen
bonding and π-π interactions similar to the other highly studied organic pigments seen in
Figure 1.2.9 With this comparison they tried to optimize the yields to further study this new
compound in hopes of it possessing favourable properties.7

2

Figure 1.2: Chromophores resembling DPP.7
Research into the optimization of Farnum’s synthetic approach proved unsuccessful by
Ciba-Geigy AG, and after a more detailed examination of the reaction it was observed that
the reaction mechanism proposed originally by Farnum et al. was incorrect (Scheme
1.2a).7,9

Scheme 1.2: (a) Proposed mechanism under Reformatsky conditions, (b) Compounds IV
and VI do not dimerize to form DPP as initially proposed.7
It was observed that if compound IV (Scheme 1.2a) or VI (Scheme 1.2b) was
independently synthesized and used as the starting material, the formation of DPP (2) did
not occur. Oxidative dimerization to compound V does not occur for compounds IV and
VI under the given conditions. However, it was determined that the reaction proceeds when
benzonitrile is added to a mixture containing compound IV or the salt (VI), although not
in high yields. With these new findings, a new reaction mechanism was proposed (Scheme
1.3). The limiting step under the Reformatsky conditions is the alkylation of salt VI,
3

whereas the steps for the formation of the salt VI and the cyclization of IX proceed almost
quantitatively. While the reaction yields were too low for commercialization the method
was patented because it gives access to asymmetrical DPP, which will be covered later.7,8

Scheme 1.3: Revised mechanism using Reformatsky conditions.7
The yields for this method were improved by Shaabani and co-workers in 2005,
where overall yields as high as 70% were obtained.10 Today, this method has marginal
importance since more economical synthetic methods were developed.1,7,9,10
Further studies were conducted by the chemists at Ciba-Geigy to circumvent the
inefficient alkylation step, by using substrates where the C-C bond from the alkylation is
already present. This method was proven to be successful, with the formation of DPP using
benzonitrile and a dialkyl succinate in the presence of alkali metal oxides as a base. The
reaction mechanism proceeds in a similar manner as the Reformatsky conditions (Scheme
1.3).9 Optimization for this new method of synthesis revealed that using succinates of
tertiary or secondary alcohols as starting materials provided the best yields along with the
use of tertiary alkoxides as bases with a tertiary alcohol as a solvent (Scheme 1.4).7,9

Scheme 1.4: Succinic method for DPP synthesis.7
The reason for using succinic acid esters with branched alcohols is to
prevent/reduce the dimerization to cyclic diesters via Claisen condensation.9 Elevated
4

temperature is necessary for the reaction to proceed due to the low electrophilicity of
nitriles. This method is relatively versatile with the highest yields coming from unhindered
aromatic nitriles. The succinic method produces high yields, versatility and simplicity,
along with the ease of available commercial starting materials making this method the most
important and frequently used for the synthesis of DPPs.7
1.2.2 Asymmetrical Diketopyrrolopyrrole Synthesis
The formation of asymmetrical DPPs can be achieved using the Reformatsky
conditions, although the yields obtained are very low due to the possible formation of the
symmetrical product as well. The succinic method can also, in theory, produce
asymmetrical DPP by putting in equal amounts of two aromatic nitriles. This method again
provides a statistical mixture of two different symmetrical DPPs and an asymmetrical
DPP.7,11
However, a research team at Ciba-Geigy developed a new route to exclusively
synthesize asymmetrical DPPs with consistently high yields. They concluded that the
reaction of aminoester VII or lactam VIII under basic conditions with a nitrile should
generate DPP (Scheme 1.3). This was proven to be correct and it was shown that
aminoester VII and its analogues VII’ and lactam VIII and its analogues VIII’ all react
with a different nitrile in the presence of an alkoxide to generate asymmetrical DPP
derivative (Scheme 1.5).7 This method not only allows for the synthesis of symmetric and
asymmetric DPP derivatives of diaryl DPPs but also gives access to dialkyl DPPs with
alkyl chains in the 3 and 6 positions. Usually, the lactam is preferentially used for DPP
formation due to its increased stability. Further studies by Morton and co-workers revealed
that this method worked with even more sterically hindered aliphatic nitriles such as
diphenylacetonitrile and 2-cyanonorbornene.12 Overall, this method allows for the
synthesis of many unique DPP derivatives.7,11

5

Scheme 1.5: Asymmetric DPP synthesis.7
While there are other methods to synthesize DPP, they have had very little significance and
are therefore not described here.7
1.3 Introduction to Liquid Crystals
Liquid crystals (LC) are a unique class of self-assembled materials that serve a large
role in today’s society.13,14,15 The first of these types of materials was discovered in 1888
through the determination of a melting point of cholesteryl benzoate. An Austrian botanist
noticed a “double melting” point and with the help of a German physicist, Otto Lehmann,
they were able to visualize this phenomenon and became convinced that this intermediate
phase was a homogenous phase that exhibited properties of both liquids and crystals.
Compounds of this type were given the name liquid crystals and to this day the name
remains. A liquid crystal phase is an intermediate phase (mesophase) of matter that
possesses some long range structural order like that of crystals but is also fluid.13,16 Liquid
crystals have become a large part of modern technology through the invention of liquid
crystal displays (LCDs), which have dominated the display industry for several decades.
Today research is being conducted worldwide to use liquid crystals for a variety of other
applications such as organic photovoltaics14,17, light emitting diodes, field effect
transistors18 amongst others.17,19,20
1.3.1
Classes of Liquid Crystals
The two major classifications for liquid crystals are lyotropic and thermotropic.
Lyotropic liquid crystals are dependent on temperature, solvent, and concentration to
exhibit mesomorphic properties while thermotropic liquid crystals are dependent just on
temperature. If a liquid crystal exhibits both lyotropic and thermotropic properties it is
called amphotropic. Thermotropic liquid crystals can be further classified based on their
different molecular shapes, giving rise to rod-shaped (calamitic) and disc-shaped (discotic)
liquid crystals (Figure 1.3). This molecular shape anisotropy dictates the formation of
6

nematic and smectic mesophases by calamitic liquid crystals and the formation of columnar
mesophases by discotic liquid crystals. Despite these differences both types consist of the
same general design structure where there is a central core (often aromatic) and flexible
side-chains on the periphery. Calamitic LCs typically consist of para-linked aromatic cores
with side chains at one or both terminal ends, whereas discotic have a more disc-shaped
aromatic core with radially attached side chains (Figure 1.3).13,18

Figure 1.3: Generic molecular shape of a calamitic (left) and a discotic (right) liquid
crystal and its self-organization driven by shape-anisotropy and nanosegregation.
1.3.2
Discotic Liquid Crystals
Discotic liquid crystals typically consist of a rigid polyaromatic core with three or
more flexible side chains. Liquid crystallinity forms from the nanosegregation of the rigid
aromatic cores from the flexible side chains and usually result in the formation of 1dimensional columnar stacks which then form 2-dimensional super-lattices. The crystalline
character is derived from the interactions of the aromatic cores, while the (molten) alkyl
chains give the liquid character because of their conformational disorder. The columnar
stacks persist until the clearing point (transition from LC to isotropic liquid) is reached and
all long-range order from the columnar stacks is lost.13,21,22
1.3.3
Design Features of Discotic Liquid Crystals
While the general design of LCs is well established this does not mean that all
molecules following this general design are liquid crystals. The major design features that
affect a material’s liquid crystallinity are the type of aromatic core, the type and number of
flexible side chains, and the type of connecting group between the core and chain.
The aromatic core has been shown to span a wide array of choices, from cores as
small as benzene to as large as polyaromatic hydrocarbons (Figure 1.4).14,23 By increasing
the size of the conjugated core the π-stacking interactions usually increase, which often
goes hand in hand with an increase in charge carrier mobility along the columnar stacks..
The drawback to having a larger conjugated core is that it typically increases the melting
point and decreases solubility.24,25 Core symmetry also plays an important role in
mesophase formation and stability. Symmetrical molecules typically stabilize crystalline
7

phases more than liquid crystalline phases and exhibit higher melting temperatures in
comparison to non-symmetrical ones (Carnelley’s rule).26,27,18
Side-chain engineering is the most tailorable feature for LC materials due to a wide
variety of choices with many being commercially available and straightforward to attach
to an aromatic core (Figure 1.4). Melting and clearing temperatures and packing structures
can all be controlled by the side chains. Through increasing aliphatic side-chain length one
observes a decrease in melting temperatures more than a decrease in clearing point leading
to an increase in the width (stability) of the LC phase. Eventually the length of the side
chain becomes too much and it will increase the melting point due to it having a higher
melting point than the core. Branched alkyl-chains increase steric hindrance on the
molecule which in turn disrupts the π-π stacking. This disruption leads to lower clearing
temperatures and phase stability but increases the solubility of the compound. Fluorinated
or partially fluorinated side chains increase LC stability due to the fluorophobic effect
(strong nanosegregation between the core and fluorinated alkyl chains). The drawbacks of
fluorination are that they lead to a large decrease in solubility.28,29 Polyether chains lower
the melting and clearing temperatures when compared to the linear alkyl side-chains due
to their greater flexibility but a drawback is that they tend to trap ionic impurities.18
Lastly, one must consider the linking groups used to attach the side chains to the
core (Figure 1.4). This linking group can greatly affect the LC phase and stability. Coplanarity of the linking group broadens the LC phase (stabilizes) since non planarity can
interfere with the π-stacking of the cores.18 Hydrogen bonding from linking groups such as
amides can also lead to increased phase stability. The linking group also effects the
electronic properties, especially when in conjugation with the aromatic core.15,18

8

Figure 1.4: Some examples of cores, linking groups and side-chains for discotic liquid
crystals.23
1.3.4
Discotic Liquid Crystal Phases
The two most prominent phases for discotic liquid crystals are the discotic nematic
phase and the discotic columnar phase. Discotic mesogens tend to form columnar stacks
which then arrange into the columnar mesophase. A two-dimensional lattice forms from
those columns with the column axes being parallel to each other (Figure 1.5). The most
common columnar mesophase has a hexagonal plane symmetry (Colh) in which the
columns are arranged into a 2-D hexagonal lattice possessing 6-fold symmetry. The
columnar rectangular mesophase (Colr) contains several possible symmetry groups. These
mesophases give an elliptical cross section due to tilting of the discotic units with respect
to their columnar stacking axis. Least symmetric is the columnar oblique mesophase
(Colob) that is formed by tilting the 2-D lattice of a rectangular mesophase.13,15
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Figure 1.5: Types of columnar mesophases (top) columnar hexagonal, (middle)
columnar rectangular and (bottom) columnar oblique.15
The discotic nematic mesophase (ND) it is a much more fluid phase in comparison
to the columnar phases, which are more wax like (Figure 1.6a). In the nematic phase the
molecules possess full translational and rotational freedom around their short axis. The
short axes of the molecules on average orient themselves parallel to one another (director),
which generates long range orientational order. Consequently, the nematic phase is more
similar to that of the isotropic liquid phase than to the columnar mesophases as confirmed
by x-ray diffraction. If the molecule is chiral or a chiral dopant is added, a chiral discotic
nematic mesophase (ND*) is formed, like cholesteric mesophases of chiral calamitic LCs.
In the chiral discotic nematic mesophase the director is continuously twisted along the zaxis (Figure 1.6b). The columnar nematic phase (NCol) forms when short columnar stacks
order themselves in a nematic orientation. This leads to the columns only having
orientational order giving rise to the NCol phase (Figure 1.6c). This phase is unlikely to
occur in thermotropic mesophases but has been reported for lyotropic mesophases of
discotic LCs. Lastly, a nematic lateral phase (NL) has been proposed, which is generated
from aggregates of donor and acceptor molecules. The mesophase forms from these
supramolecular aggregates that organize into a nematic phase (Figure 1.6d).13,15,30,31
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Figure 1.6: Types of nematic mesophases (a) discotic nematic, (b) chiral discotic
nematic, (c) discotic columnar nematic, (d) discotic nematic lateral.15
1.4 Self-Organization of Diketopyrrolopyrrole
Since their discovery in the 70s DPPs have been widely studied and used for a
variety of applications. One property that has not been given much attention is their
mesomorphism. One possible reason for this are limited options for substituting the DPP
core with only 4 available sites, although the locations of the substitution sites allows for
ample control over shape anisotropy.32
The first reported liquid crystalline DPP derivatives occurred in 1998 and 1999 by
Praefcke and Ciba specialty chemicals, respectively. As seen in Figure 1.7, these
derivatives give a more elongated structure along the backbone of the DPP molecule giving
it a rod-like shape (calamitic liquid crystals). These materials exhibited nematic and
smectic mesophases. A possible non-planarity between the phenyl group and DPP would
further enhances its calamitic characteristics. Unfortunately, most of these compounds
were reported in a patent and limited information on the types of phases and their transition
temperatures was provided.32

Figure 1.7: First mesomorphic DPP.32
Some of the reported DPP derivatives shown in Table 1.1 are consistent with
established design criteria for liquid crystals. Elongation of the backbone and short alkyl
11

side chains on the two-lactam nitrogen generate rod-shaped DPPs that display nematic
mesophases while longer alkyl side chains give rise to smectic mesophases due to
microphase segregation (DPPT-4, Table 1.1). DPPT-7 shows that transitioning from one
alkyl chain on the benzenes to three chains gives the molecule a more overall disc shape,
resulting in preferential assembly into columnar stacks. These results confirm that DPP
based liquid crystals obey the general structure property relations for calamitic and discotic
liquid crystals.32
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Table 1.1: Mesomorphic DPP derivatives.32
DPP-#

R

Phase transitions temperatures [°C] and
enthalpies (ΔH [kJ mol-1])
N=Nematic; Sm=Smectic;
Col=Columnar

3,4

DPPT-1

CH3

n = 12: 104–114
n = 16: 90–114
phases not specified for all others

DPPT-2

C12H25
for n = 8,9
C16H33
for n = 10
C12H25
for n = 12 C16H33
for n = 12 C18H37 for n =
14,16,18

mesophases not specified

DPPT-3

not liquid crystalline

DPPT-4

CH3

n = 8: 106(59) N 114(0.9)
n = 10: 106(69) SmA 119(3.0)
n = 12: 108(82) SmA 123(4.7)

DPPT-5

n = 7,9: C10H21
n = 9,12: C12H25
n = 12: C16H33

mesophases not specified

DPPT-6

C10H21

mesophases not specified

DPPT-7

CH3
C12H25

For CH3: n = 6: 117(36) Col 146
n = 8: 83(32) Col 129
n = 10: 65(45) Col 114

C7H15
CH3
C6H13
CH3
C7H15

mesophases not specified

R3,4

Liquid crystal range in °C (kJ/mol)

DPPT-9

CH3

n = 16: 205(44) N 336(1.2)
n = 10: 139 N 303
n = 14: 137(32) Sm 280
n=16: 116 N 235

DPPT-10

CH3

mesophases not specified

DPPT-11

CH3

220(4.0) N 330(0.1)

DPPT-12

CH3

191(23) N 358(1.7)

DPPT-13

CH3
C2H5
C3H7

CH3: 248(31) N 327(0.3)
CH2CH3: 243(38) N 349(0.2)
CH2CH2CH3: 210(36) N 337

DPPT-14

CH3

182(20) N narrow range

DPPT-8

13

The majority of designs tested illustrated in Table 1.1 for mesomorphic DPPs
consist of using the benzene derivative of DPP where the amount and type of side chains
is changed along with the linking group to achieve liquid crystallinity. Some of these
designs were listed in patents so limited information could be obtained of their liquid
crystal phases (such as DPPT-2, DPPT-5 and DPPT-8). DPPT-15 as shown in Figure 1.8
is a derivative that uses diphenyl triazine groups attached to a thiophene DPP. The entire
conjugated system of DPPT-15 is planar leading to a rather rare columnar oblique
mesophase between 46 °C and 222 °C.4,32

Figure 1.8: Board-shaped DPPT-15 derivative.
Another unique example of a liquid crystalline DPP is shown in Figure 1.9 (DPPT16) where there are no alkyl chains on the lactam nitrogen leading to intracolumnar
hydrogen bonding. The formation of dimers occurs due to the intracolumnar hydrogen
bonding while the 6 dodecyloxy chains provide effective space filling to wrap in the
columnar stack of the dimers.17,32
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DPPT-16

DPPT-16

Figure 1.9: Proposed packing for a H-bonding induced columnar mesophase of DPPT16.17,32
1.5 Optical and Electronic Properties of Molecular DPP Bithiophene Derivatives
DPP is a widely applied organic pigment in organic electronics due to its
advantageous properties stated earlier. The DPP core is typically substituted with either
two benzene or two thiophene units (DPPT) that may also be extended. DPP bithiophene
(DPP2T), for example, contains one bithiophene unit on each side of the core (in total four
thiophenes). These derivatives have received significant attention for their use in organic
electronics, predominantly in polymeric materials. DPP bithiophene with its extended
conjugation give it slightly different properties than its DPP thiophene counterpart typically
altering its absorption to longer wavelengths and reduces its oxidation and reduction
potentials. While DPP bithiophene has been researched extensively for use in polymeric
organic electronics there is much less research on DPP bithiophene for use in small
molecule organic electronics. Highlighted here are some examples of DPP bithiophenes
made for application in solar cells and highlighted are its properties in comparison to other
DPP derivatives (DPP thiophene and terthiophene).
1.5.1 Properties of Bithiophene Functionalized DPP Chromophores
In 2011, Würthner and co-workers synthesized six new DPP bithiophene
derivatives bearing different electron donating and electron withdrawing substituents at the
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terminal thiophene units to study the electrochemical and optical properties in a systematic
fashion (Figure 1.10).33

Figure 1.10: DPP bithiophene and monothiophene derivatives.
The optical properties of compounds DPP2T-1 through DPP2T-6 were studied
and compared to a DPP thiophene with the same alkyl chain substituted on the nitrogen’s
as the thiophene version (DPPT-17) and the iodinated version of this material (DPPT-18).
As seen in the UV-Vis spectroscopy data (Figure 1.11), DPPT-17 is orange in solution and
features two absorption maxima at 512 nm and 548 nm and has a fluorescence quantum
yield of 74% which is typical for DPP thiophenes. DPPT-18, which differs only by two
terminal iodine atoms, is pink in solution and exhibits a bathochromic shift (shift to longer
wavelength) to 548 nm and 572 nm. The addition of iodine also significantly increases the
extinction coefficients while the quantum yield of DPPT-18 is similar to that of DPPT-17.
Looking at the bithiophene DPPs (compounds DPP2T-1 to DPP2T-6) the addition of the
extra thiophene on each side of the core drastically changes the absorption properties and
fluorescence quantum yields of the compounds. Compound DPP2T-1, which contains just
the bithiophene and no extra substituents is red-shifted to 613 nm and fluoresces with
quantum yield of 36%, which is significantly lower than for DPPT-17 and DPPT-18.
When the hydrogen is replaced with a weakly donating methyl substituent, compound
DPP2T-2, the absorption maximum is expectedly red-shifted to 621 nm and the quantum
yield is slightly lowered to 32% compared to compound DPP2T-1. As the electron
donation ability of the R1 moiety increases, the red-shift increases to 627 nm and 631 nm
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for DPP2T-3 and DPP2T-4, respectively. These stronger electron donating groups also
further reduced the quantum yields to 14% for DPP2T-3 and 22% for DPP2T-4. This trend
continues with DPP2T-5, which contains the strongest electron donor group NMe2, that
has an absorption maximum red-shifted to 684 nm. Its fluorescence quantum yield is
reduced to only 3%. It is believed the strong donating ability of the dimethylamino groups
result in the planarization of the bithiophenes leading to more fluorescence quenching due
to aggregation. To compare the effects, Würthner and co-workers. also synthesized another
derivative containing an electron withdrawing group (DPP2T-6). The cyano moiety also
red-shifts the absorption maximum to 622 nm, which may mainly be a result of the
extended conjugated system. The fluorescence quantum yield of 32% obtained for
DPP2T-6 is comparable to that of the parent DPP2T-1.33

Figure 1.11: UV-Vis spectroscopy of DPPT-17 and DPPT-18, to compare to select
DPP2T compounds in the study.33
DPPT-17 shows three reversible oxidation/reduction processes with the reduction
occurring at -1.70 V and two oxidations occurring at 0.50 V and 0.87 V (vs. Ag/AgCl) with
ferrocene as an internal standard. DPPT-18 has similar oxidation potentials to DPPT-17
but the iodines cause a reduction in the reduction potential to -1.59 V. Using bithiophenes
in DPP2T-1 not only reduces the reduction potential to -1.60 V but also lowers to oxidation
potentials to 0.36 V and 0.63 V. The addition of the methyl group in compound DPP2T-2
does not have a major effect on its reduction potential (-1.63 V) but lowers its oxidation
potentials even further to 0.30 V and 0.55 V. Expectedly, this trend of decreasing oxidation
17

potentials with increasing strength of the donor groups continues while the reduction
potentials remain about the same (Figure 1.12). The appearance of a second irreversible
reduction potential was seen in compounds DPP2T-3 and DPP2T-5 (-2.14 and -2.30 V,
respectively). The dimethylamine donating group of DPP2T-5, the strongest donating
group in this study, shifts the first and second oxidation potentials to -0.21 and -0.16 V
(overlap with each other) and a third reversable oxidation appears at 0.9 V. Compound
DPP2T-6, which contains the electron withdrawing group, expectedly changes the redox
potentials opposite to what was described for electron donating groups. DPP2T-6 is easier
to reduce as seen by its two reversible reduction potentials (-1.40 V and -1.78 V) while its
two reversible oxidation potentials increase to 0.54 and 0.83 V, respectively. This
compound is the most promising for use as a donor material in organic solar cells if PCBM
(phenyl-C61-butric acid methyl ester) is used as an acceptor.33 PCBM has two reduction
peaks at -0.62 V and -0.58 vs. Ag/AgCl (ferrocene internal standard, 0.1M [NBu4][PF6],
dissolved in 4 o-DCB: 1 MeCN).34

Figure 1.12: Cyclic voltammetry of compounds DPP2T-1-6 (CH2Cl2, [NBu4][PF6], vs.
Ag/AgCl, 10-4 M ferrocene internal standard).33
1.5.2 Influence of the Position of Side-chain on Bithiophene DPP Small Molecules
Janssen et al. studied the effect of the position (3, 4, and 5) of a hexyl side chain
attached to the terminal thiophene of a DPP bithiophene (Figure 1.13).
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Figure 1.13: Structure of DPP2T-7 (3 position) DPP2T-8 (4 position) and DPP2T-9 (5
position) on the thiophene.
The optical properties were tested in solution (CHCl3) as well as thin films. In solution, it
appears the position of the hexyl chain has very little effect on absorption (Figure 1.14a).
DPP2T-7 has only a minor blue shift in its absorption likely due to the position of the side
chain decreasing planarity due to its steric interaction with the neighbouring thiophene ring.
In contrast, the thin films (Figure 1.14b) of the three DPP2T derivatives have very different
absorption spectra. DPP2T-7 has a red shifted absorption maximum in comparison to its
solution while DPP2T-8 shows a significant blue shifted absorption. DPP2T-9 also shows
a blue shift but it is significantly lower than that of DPP2T-8. Although the overall changes
in the absorption profiles of these films remain small, Janssen and co-workers tested
different films for use with solar cells. The position of the side chains significantly altered
film morphology, kinetics of crystallization, and crystallite orientation, but they were
unable to determine the exact relationship between side chain position and the device
performance.35
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Figure 1.14: Absorption spectra of DPP2T-3-5 (a) in chloroform and (b) thermally
annealed thin film on glass35
1.5.3
Properties of oligothiophene DPP derivatives`
Nguyen and co-workers tested the properties of small molecule oligothiophene
DPP derivatives with 1 to 3 thiophenes on each side of the core for use in OFETs and solar
cells (Figure 1.15).36

Figure 1.15: Oligothiophene DPP derivatives.36
All compounds studied show quasi-reversible oxidation processes and one
reduction process. As shown in Figure 1.16 for DPPT-19 to DPPT-22 compounds there
were two oxidations at approx. 0.50 V and 0.90 V with a reduction potential at approx. 1.7 V. For compounds DPP2T-10 and DPP3T-1 their first oxidation potentials decreased
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to 0.37 V and 0.24 V while their reduction potentials decreased to -1.61 V and -1.56 V,
respectively. The emission and absorption of each compound were also studied for each
compound where DPPT-19-22 all have similar absorption maxima at approx. 291, 340,
355, 389, and 512 nm in solution. This was expected since the DPP chromophore is not
affected by the structural changes. The absorption maxima for DPP2T-10 and DPP3T-1’s
red-shifted by about 42 nm and 100 nm, respectively (Figure 1.16 bottom).36

Figure 1.16: For series 1, compounds DPPT-20, DPP2T-10 and DPP3T-1 shows the
compounds (top) cyclic voltammetry (CH2Cl2, [NBu4][PF6], vs Ag/AgCl, 0.1 M
ferrocene internal standard) and (bottom) UV-Vis spectroscopy and
photoluminescence.36
These data show that by increasing the core to the bithiophene and trithiophene derivatives
of DPP oxidation and reduction potentials are lowered and the absorption shifts towards
the near IR range. Both changes are advantages for applications in organic electronics such
as solar cells and OFETs.36
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1.5.4
Tuning optical characteristics of bithiophene DPP through side chain
engineering
From their previous work, Janssen and co-workers expanded their latest study from
not only looking at the positional hexyl side chain attached to the terminal thiophene of a
DPP bithiophene (3, 4, and 5), but also included the influence of side chains on the lactam
nitrogen of the DPP core (Figure 1.17).37

Figure 1.17: Molecular structures of DPP derivatives.37
The optical properties were tested in a solution of CHCl3 and as thin films (Figure 1.18).
The branched chain derivatives (DPP2T-11-14) show minor change in the solution UVVis with a wavelength of maximum absorption of ca. 573 nm. While the branched chain
only has one maximum the linear, n-hexyl derivatives (DPP2T-15-18) have two (615 nm
and 578 nm) and also show very little change between each derivative. The maximum
wavelength increases slightly with the position of the side chain on the terminal thiophene
going from 3’ < 4’ < 5’ with the unsubstituted being in between 3’ and 4’. This is seen in
both branched and straight chain derivatives. The slight electron donating hexyl
substituents make the thiophene slightly more electron rich causing a slight shift to longer
wavelengths. The 3’ position has the shortest wavelength due to the steric hindrance it
causes with the backbone causing a decrease in planarity. This is reflected in the UV-Vis
of DPP2T-16 (Figure 1.18b), where the decrease in planarity causes a decrease in
resolution in the maximum wavelength and also shows an increase in the second vibronic
peak in the absorption spectra. In the thin film studies compounds DPP2T-11 to DPP2T14 possess two peaks at approx. 584 nm and 620 nm as opposed to the one previously seen
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in solution. The splitting is likely due to exciton coupling or vibrational coupling. The
maximum wavelength red-shifts in the same way as seen in solution. Overall, there is very
little spectral changes from solution to thin film, in compounds DPP2T-11 to DPP2T-14
(Figure 1.18 a and c). This suggests almost no changes occur to molecular geometry
between the two. In contrast, compounds DPP2T-15 to DPP2T-18 show a significant
change in the thin film absorption from solution (Figure 1.18 b and d). The thin film spectra
are much broader and have many more peaks. The maximum intensity is also at a shorter
wavelength than when in solution.

Figure 1.18: Normalized UV-Vis spectra (a) DPP2T-11 to DPP2T-14 in CHCl3 (b)
DPP2T-15 to DPP2T-18 in CHCl3 (c) DPP2T-11 to DPP2T-14 as thin films (d)
DPP2T-15 to DPP2T-18 as thin films.37
Overall, there is a clear difference between the packing of compounds when substituted
with either a branched chain or linear chain on the lactam nitrogen’s. This is due to the
decrease in steric hindrance seen when substituting the branched chain for a linear chain.37
1.6 Single Material Organic Solar Cells
Single material organic solar cells (SMOSCs) consist of a single small molecule or
polymer that contains light absorbing electron donor and acceptor parts and displays
sufficient exciton dissociation and charge transport. The use of a single material possesses
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several advantages over bi- or multi-component materials used in devices such as bulkheterojunction (BHJ) solar cells. While BHJ solar cells have been more widely researched,
optimization for these materials is extremely complex. Cell architecture, ratio of donor to
acceptor structures, solvent, film processing, insertion of buffer layers, bimetallic electrode
additives, thermal treatments and solvent annealing are all factors to the performance of a
BHJ solar cell. Though the best BHJs have reached efficiencies up to 15% through
optimization, problems such as the stability of the mixture and macrophase segregation of
the donor and acceptor structures decrease the efficiency of BHJ cells over time. Therefore,
SMOSCs are expected to be more stable since they are made of only one material. This
also significantly reduces the complexity of the device fabrication, which makes some
more cost effective. Despite these clear advantages over BHJ solar cells, research into
SMOSCs has only recently garnered as much attention as BHJs and this was due to the
idea that fast charge recombination and inefficient charge hopping and transport would
never let SMOSCs achieve economically competitive power conversion efficiencies
(PCEs).
Different designs have been reported for SMOSCs that include double-cable polymers
and block copolymer as well as single molecule materials. Typically, these materials
consist of a linking unit or spacer that is flexible and connects the donor and acceptor parts
(Figure 1.17). The length of the spacer plays a large role in the design of these materials
because it needs to be long enough to allow for the self-organization of the donor and
acceptor parts into separate domains. Presently, the highest PCEs reported for SMOSCs
are around 5%. This is only a third of the PCEs achieved with BHJ solar cells, but SMOSCs
are still an emerging field of research and a higher stability and lower production cost may
make them more economical despite lower efficiency.38,39
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Figure 1.19: Synthetic approaches for the development of polymeric and small molecule
SMOSCs.39
1.7 Thesis Objective
The objective of this thesis is to develop self-organizing DPP derivatives that are
coupled to appropriate fullerene derivatives to function as active material for single
molecule photovoltaic devices. A successful example is the dyad shown in Figure 1.18
based on a dithienopyrrole core that was reported by Bäuerle and co-workers.40

Figure 1.20: (left) Reference molecule, and (right) target molecule.
The design proposed here exchanges the dithienopyrrole with a DPP core that now
provides the two N groups of the lactams for a lateral attachment of one or two fullerene
chains and/or side-chains that induce mesomorphism (Figure 1.18). As a first target
structure, the DPP derivative containing two branched 1-hexyloxycarbonyl(1-(3,525

didodecyloxy)phenyl chains as R groups was chosen as a reference compound to obtain
information on important properties. Most important to us are the solubility of the
compound, its phase transition temperatures and propensity for mesomorphism, its
absorption and emission properties, and its redox potentials and frontier orbital energies.
These properties will tell us how applicable this core structure is for the preparation of
dyads and triads for single molecule photovoltaic devices.
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CHAPTER 2 - Results and Discussion
2.1 Synthesis of Liquid Crystalline DPP Derivative
Mesomorphic DPP-DCV was synthesized in eight steps with an overall yield of
0.097% for 7 steps by following a convergent approach starting with compound 5 (Scheme
2.1). Synthesis can be broken into three main components: DPP core, thiophene
carbaldehyde, and the didodecyloxy benzoic acid component. The latter component
(compound 3) was synthesized in an overall yield of 65% using literature procedures and
commercially available starting materials.1,2,3 The thiophene carbaldehyde (compound 4)
was synthesized in an overall yield of 75% using a modified literature procedure from Wen
and co-workers starting with the commercially available 2-bromo-3-hexylthiophene.4 A
similar yield of 73% was reported by Wen and co-workers. DPP was synthesized from
commercially available starting materials using a literature procedure by Matthews and coworkers with comparable yields to reported (approx. 70%).5 The alkylation of the DPP core
5 to DPP 6 followed standard literature procedures for alkylation of DPP.6 The yields
achieved were comparable to methods using the same side chains (approx. 30%).6
Protection of the alcohols followed similar literature preparations for protecting alcohols,
however this synthesis has not been reported specifically for these molecules.7 Stannylation
of the DPP core to give compound 8 uses a method previously established by the Eichhorn
group.8 The yield for the stannylation reported here (58%) is slightly lower than the
previously reported 68%. The lower yield is likely due to the difference in solubility
between the DPP compounds. It is noted here that DPP 20 with hydroxynonanyl groups is
already significantly more soluble then DPP 6 with hydroxyhexanyl groups.
A microwave assisted Stille cross-coupling of compound 8 with the thiophene
carbaldehyde 4 gives compound 9 in a high yield of 85%. This is based on a modified
procedure previously reported by the Eichhorn group.8 The reaction time was extended
from 1.5 hours to 2 hours to improve yields from 80% to 85% for this reaction. The terminal
alcohol groups were deprotected with hydrochloric acid (HCl) in THF to give the
protonated alcohols in a yield of 68%. This deprotection is based on a modified literature
procedure by Bäuerle and co-workers.9 The yield obtained in this procedure (68%) is
significantly lower than the reported yield of 96%, which is likely due to the solubility of
the compound and its reactivity. Also, in this report a tert-butyldimethyl silyl (TBDMS)
group is used instead of a triisopropylsilyl (TIPS) group. TBDMS protecting group was
used in part due to it typically being easier to cleave than the TIPS protecting group. Other
methods of deprotection such as using tetra-n-butylammonium fluoride or other fluoride
sources will be explored. The same paper was used for the subsequent esterification using
the benzoic acid component 3.9 Compound 11 was synthesized using a two-fold
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esterification reaction between compound 10 and 3 (benzoic acid component) in a low
yield of 15%. The method used is a literature procedure from Bäuerle and co-workers who
reported a 69% yield. Subsequent tests to improve yields with increased reaction times
resulted in more degradation. One reason for the low yield may be the extremely low
solubility of the starting material. Compound 10 is also significantly less stable than other
intermediates and degrades with time in air at room temperature. Other methods will be
explored in the future to try and optimize the synthetic yields. Compound 12 (DPP-DCV)
was synthesized using Knoevenagel condensation reaction with malononitrile in a yield of
80% using a modified literature procedure.10 The yield obtained is comparable to reported
yields of similar molecules.9 The structure of 12 was confirmed by IR, 1H- and 13C-NMR,
and high-resolution mass spectrometry.

Scheme 2.1: Synthesis of DPP-DCV (12).
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In the 1H NMR, the peaks at 9.04 and 7.50 ppm indicate the two protons on the first
thiophene of the DPP core (a and b in Figure 2.1). The 7.58 and 7.70 ppm singlets represent
the thiophene proton containing the dicyanovinyl group (c) and the other is generated by
the proton on the vinyl group (d). The peaks at 7.10 (e) and 6.61 ppm (f) represent the
protons on the benzene. The peaks at 4.28 and 4.13 ppm represents the protons of the hexyl
spacer group (g and h). The peak at 3.95 ppm is generated by the methyleneoxy groups of
the dodecyloxy chains. Lastly the peak at 2.85 ppm represents the methylene group
attached to the thiophene of the hexyl side chains. The remaining peaks between 2 and 0.8
ppm belong to the remaining methylene and methyl groups of the aliphatic chains.

Figure 2.1: DPP-DCV (12) with protons labelled.21
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Figure 2.21H NMR of DPP-DCV.
Infrared spectroscopy (IR) was conducted on the final 2 compounds and the most
notable peak is the transition from the aldehyde to the dicyanovinyl group. In the final
product the aldehyde stretch disappears and the appearance of a medium to strong CN
stretch was observed. Typically, CN stretches are quite weak but the presence of many CN
stretches makes the band seem more intense. Electrospray ionization was used for the mass
spectroscopy. The simulated mono-isotopic peak for DPP-DCV was 1930.14382 while the
experimental was 1930.14645. The experimental value is within 5 ppm of the predicted
value which means the result is valid.
Other synthetic approaches to compound 12 and its derivatives were conducted in
order to shorten the synthesis (Scheme 2.2). By taking compound 4 and doing the
Knoevenagel condensation reaction using malononitrile, compound 13 was synthesized in
yields >80% (Scheme 2.2). Since compound 13 is not stable to BuLi two different methods
were tested for substituting the bromine with trialkyltin or boronic ester groups for Stille
or Suzuki cross-coupling reactions, respectively. Tested were the palladium catalyzed
substitution of bromine with hexamethylditin and bispinacolato diboron. Incorporation of
the stannyl group (compound 14) gave no detectable product and the boronic ester
derivative 15 was obtained in a low yield of 30%. Compound 14 has 2 reported synthetic
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methods but are patented and are not accessible. Synthesis of 15 used a reported literature
procedure.10 The reported yield was 75% which is significantly higher than the yield of
30% obtained here. It is unclear why the obtained yield was lower than the reported yield
as the same conditions were used. Further study and testing are needed. Nevertheless, the
cross-coupling of compound 15 with a brominated DPP-thiophene (26) was targeted, but
not achieved because the bromination of DPP 6 to 26 with N-bromosuccinimide (NBS)
was not successful.
As a final attempt thiophene 13 was directly reacted with DPP 20 under conditions
that were reported for C-H activated cross-coupling.11 Unfortunately, DPP 23 was not
formed at all. Again, the low solubility of DPP 20 may be one reason for the lack of
reactivity, although DPP 20 with nonyl chains is already more soluble than DPP 6 with
hexyl chains. However, this direct cross-coupling should be revisited with a more soluble
DPP derivative that has protected alcoholic groups.
In conclusion, a successful synthetic route was determined to create the first
synthetic pathway to yield DPP-DCV through many tests. Unfortunately, the yield was
impacted by the alkylation of DPP and the esterification reaction, which made obtaining
significant quantities of DPP-DCV very difficult. Future work will look into optimizing
each synthetic step in a systematic manner to hopefully improve the final yield and look
into increasing the reaction scale this can be achieved on.
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Scheme 2.2: Unsuccessful Synthetic Routes.6
2.2 Phase Transitions of DPP-DCV
Differential scanning calorimetry (DSC), polarized optical microscopy (POM) and
variable temperature powder X-ray diffraction (pXRD) studies were conducted to
determine the thermal behaviour of DPP-DCV 12 (Figure 2.3 and 2.4 and SI). As the DSC
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curves indicate, (Figure 2.3) three phases with reversible transitions are observed. The
compound exhibits a soft crystal phase between < -50 °C and 44.59 °C where it then
transitions into its liquid crystalline phase, which was identified as a columnar mesophase
based on pXRD studies. This columnar mesophase is seen over a broad temperature range
(approx. 155 °C) and reaches its clearing point (LC to isotropic liquid transition) at 200 °C.
On cooling, the columnar mesophase appears at 183 °C and the transition into the columnar
soft crystal phase occurs at 4 °C.

Figure 2.3: DSC of DPP-DCV at 2.00 °C/min under N2 for 3 cycles.
Polarized optical microscopy (POM) confirms the phase transitions observed by
DSC and identifies two mesophases and the isotropic liquid above 200 °C (Figure 2.4).
The two mesophases are both birefringent, but on cooling the defect texture is reminiscent
of a columnar mesophase. However, the identity of the type of columnar mesophase cannot
be determined using these images. Variable X-ray diffraction is required for a reliable
phase assignment.

36

Figure 22: Polarized optical microscopy images of the columnar mesophase on heating
(left, 180 °C) and the columnar mesophase on cooling (right, 58 °C).
1D diffraction data of the room temperature phase (Figure 2.5 and 2.6) confirm the
presence of a columnar soft crystal mesophase, which is consistent with the plasticity of
the compound at room temperature. The crystallinity is indicated by several sharp
reflections between 4-5 Å in d-spacings, which are characteristic for crystalline aliphatic
side-chains. The softness of the material is revealed by the superimposed halo (broad
absorption) generated by amorphous aliphatic side-chains between 4-5 Å. A high intensity
primary small angle reflection is consistent with columnar and lamellar mesophases, but
the two other small angle reflections are not (20) or (11) reflections; this basically excludes
the presence of lamellar and hexagonal columnar mesophases. However, the intense
reflection at 3.6 Å confirms long range pi-pi stacking order that is most consistent with a
columnar packing and the presence of three intense small angle reflections could be
reasoned with an oblique columnar mesophase. Only minor differences are obtained for
the diffraction pattern of the soft crystal phase obtained on cooling (Figure 2.6) from the
columnar mesophase.
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Figure 23: Diffraction pattern of a bulk sample of DDP-DCV at 24 ºC. This sample was
precipitated from solvents DCM and dried in vacuum (2.2 × 10−2 mbar) at 120 ºC for 4
hours. Peaks are labelled with d-spacings in Å.
Diffraction patterns of the columnar mesophase at 110 and 150 ºC are very similar
to the diffraction patterns of the soft crystal phase, which means both phases have rather
similar columnar structures. Their main difference is the mostly amorphous character of
the side-chain region at d-values of 4-5 Å in the mesophase. So, the phase transition
basically consists of a melting of the crystalline parts of the aliphatic side-chains.
Otherwise, reflections slightly move to larger d-values with increasing temperature. dSpacings increase by about 5-7% at the transition from soft crystal to mesophase, which is
consistent with an expected decrease in density.

Figure 2.6: Diffraction pattern of bulk sample of DDP-DCV at 24 ºC (soft crystal phase)
on cooling. Peaks are labelled with d-spacings in Å.24
Because of the plasticity of the material in its soft crystal phase, a small stick (1
mm diameter) could be formed by rolling a sample between two Teflon sheets. This
mechanical treatment aligns columnar stacks along the long axis of the stick. The alignment
and presence of a columnar mesophase was confirmed by 2D-diffraction patterns (Figures
2.7-2.9). They also show that the π–π stacking reflection at 3.66 Å is about orthogonal
(equatorial) to the small angle reflections of the columnar stacks at the meridian (Figures
2.7 and 2.8). This is inconsistent with tilted columnar stacks, such as rectangular and
oblique columnar mesophases, unless their tilt angles are very small. However, the small
38

angle reflections also do not agree with a uniaxial hexagonal (p6mm) or tetragonal (p4mm)
packing of the columnar stacks. The equatorial reflection at 10.2 Å might indicate a helical
structure along the pi-pi stacks with a pitch of 3 or 6 molecules (Figure 2.9), but a helical
packing should generate reflections off the meridian and equator that are not observed.
Other unusual reflections are the meridional peak at 6.6 Å and the two reflections at 8.9
and 8.4 Å that are not well aligned but have higher intensities along both the meridian and
the equator.

Figure 25: 2D diffraction pattern of a mechanically aligned fibre of DDP-DCV at 24 ºC
(soft crystal phase). The fibre orientation is indicated by the black line at the position of
the beam stopper. The detector was set to 18º 2 to cover an overall angle range of -2 2
to 38 2.
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Figure 2.8: 2D diffraction pattern of a mechanically aligned fibre of DDP-DCV at 110
ºC (columnar mesophase). The fibre orientation is indicated by the black line at the
position of the beam stopper. The detector was set to 18º 2 to cover an overall angle
range of -2 2 to 38 2.26

Figure 2.9: 2D diffraction pattern of a mechanically aligned fibre of DDP-DCV at 110
ºC (columnar mesophase). The fibre orientation is indicated by the black line at the
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position of the beam stopper. The detector was set to 0º 2 to cover an overall angle
range of -20 2 to 20 2.
A comparison of the dimensions of DPP-DCV 12 with the observed d-spacings,
especially the diameter of a columnar stack, is also not straightforward. Single crystal data
of related DPP derivatives suggest that the DPP and thiophene units have dihedral angles
close to 0º or 180º and that the sulfur of the thiophene points towards the NR groups.
However, the large ester side-chains attached to the lactam N atoms interfere with this
orientation as they come to close to the hexyl groups on the outer thiophene units (Figure
2.10). So, the most likely orientation is represented by the top structure of Figure 2.10. The
shape of this structure is board-shaped with a maximum length of 54 Å and width of 28 Å
if all aliphatic chains are extended. Of course, the aliphatic chains are partially molten in
the soft-crystal phase and fully molten in the liquid crystal phase and they will have to fill
the space all around the DPP bithiophene core. This will shorten the long axis of the
molecule to 45-50 Å but not much affect the short axis. An average column diameter for a
hypothetical hexagonal packing can be estimated as (50-45 Å + 28 Å)/2 to give 39 Å - 37
Å, which roughly agrees with an estimated lattice constant of about 44-40 Å.
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Figure 2.10: A molecular model of (top) board-shaped DPP-DCV 12 with all extended
alkyl chains and (bottom) the same molecule with bithiophenes flipped by 180º at the
DPP thiophene bond. This conformer is less likely because of steric interactions between
hexyl and ester side-chains.27
In conclusion, more analysis must be conducted to fully elucidate the structure of
this columnar mesophase, which probably requires higher resolution diffraction data. The
transition temperatures are comparable to what was reported for other columnar liquid
crystalline DPP derivatives, despite the fact that DPP-DCV 12 contains only lateral sidechains and two dicyanovinyl groups that typically increase melting points.
2.3 Electronic Properties of DDP-DCV
Optical and electronic properties of DDP-DCV were studied using absorption
spectroscopy and cyclic voltammetry (CV). Solution UV-Vis in CH2Cl2 shows a maximum
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at 637 nm for the longest wavelength of absorption (Figure 2.11). The absorption spectra
differ somewhat from typical DPP spectra12 likely due to the strong withdrawing ability of
the dicyano vinyl group on the backbone of the molecule along with it extending the
conjugation of the system. The optical gap in solution was calculated to be 1.57 eV using
the onset of the absorption at 790 nm. The analogous DPP bithiophene with hexyl but no
dicyanovinyl groups gives an absorption maximum at 603 nm,13,14 which means a
bathochromic shift of 34 nm can be attributed to the dicyanovinyl groups. Würthner and
co-workers synthesized a DPP bithiophene derivative using a cyano group on the terminal
thiophenes.15 The terminal cyano group is an electron withdrawing group similar to the
dicyanovinyl reported here. The derivative Würthner and co-workers reported had its
absorption red-shifted to 622 nm in comparison to a DPP monothiophene. Further red-shift
would be expected for the derivative reported here due to the increase in the electron
withdrawing group used. This is seen in Figure 2.11 where the maximum is recorded at
637 nm. This could be a result of the increase in conjugation provided by the dicyanovinyl
group. Interesting, is the peak intensity at 438 nm that is not seen in many DPP absorption
spectra.12,15
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Figure 28UV-Vis of DDP-DCV in CH2Cl2 (7.04 x 10-6 M) at room temperature.
The CV shows two reversible oxidation peaks and one non-reversible reduction
peak (Figure 2.12). The oxidation peaks occur at 1.192 V (vs saturated SCE reference
electrode) and 1.459 V while the reduction peak could not be observed. The peak at -1.446
V belongs to an impurity. HOMO/LUMO energy calculations based on the redox potentials
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gave a HOMO energy of -5.51 eV. These measurements must be repeated under cleaner
conditions to find reduction peaks. The redox properties reported by Würthner and coworkers indicate two reversible oxidation and reduction peaks in their cyclic
voltammogram (vs. Ag/AgCl in CH2Cl2) with ferrocene as an internal standard.15 Nalkylated DPP bithiophene contains two reversible oxidation peaks and one reversible
reduction peak.15,16 Attachment of the cyano groups by Würthner and co-workers changed
the redox properties and a second reversible reduction peak appears. Figure 2.12, the cyclic
voltammetry of synthesized compound 12, a DPP bithiophene, contains an even stronger
electron withdrawing group, possesses two reversible oxidation peaks and an no reduction
peak. This is different from most DPP derivatives, which contain reversible reduction
peaks and therefore further redox studies are required for this molecule. Typically, an
optical gap of around 1.5 eV is considered a good compromise between absorption into the
red and the open circuit voltage of a solar cell. A HOMO energy of -5.3 eV or lower for
the DPP and a LUMO energy of -3.73 or higher for the PCBM to avoid loss of the excited
states due to recombination.

Figure 2.12: Cyclic voltammogram of DDP-DCV (left) reduction and (right) oxidation
in a CH2Cl2 solution with 0.01M [NBu4][PF6] vs. SCE at 100 mV/s.
Eg c
𝐸𝐻𝑂𝑀𝑂
𝐸1/2𝑜𝑥,𝑓𝑖𝑟𝑠𝑡
/𝐸1/2𝑜𝑥,𝑠𝑒𝑐𝑜𝑛𝑑
DPP-DCV
1.20/1.44 V
-5.51 eV
1.57
[a]
First red/ox potentials determined by CV in V vs SCE (CH2Cl2, glassy carbon working
electrode). [b] Calculated based on EHOMO (eV) = - [𝐸1 − (0.48 𝑉)] − 4.8 𝑒𝑉. ). [c] Smallest
2

optical gap based on the tail of the longest wavelength absorption in solution.
2.4 Conclusion and Future Work
The targeted DDP-DCV reference structure was synthesized in good to very good
yields for all but two low yielding steps (30% and 15%). Improvements to the reaction
conditions should increase these low yields to well above 50%, which would significantly
improve the overall yield of the 8-step DPP synthesis and make a scale up more feasible.
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DDP-DCV indeed self-organizes into columnar soft crystal and liquid crystal mesophases
thanks to the two didodecyloxybenzoic ester groups. The absorption properties and frontier
orbital energies are suitable for a combination with fullerene derivatives and an application
in single molecule organic solar cells.
Future work will focus on the substitution of one and both didodecyloxybenzoic
ester groups with esters containing fullerene derivatives to probe their self-organization,
optical and electronic properties, and solubility for processing. Promising derivatives will
then be tested in single molecule organic solar cells by the Bäuerle group in Ulm, Germany.
DSC and POM were conducted recently on one of the DPP intermediates (DPPCHO) to test for liquid crystallinity (Figure 2.13).

Figure 293: Structure of intermediate DPP-CHO.
As the DSC curves indicate, (Figure 2.14) three phases with reversible transitions are
observed. The compound exhibits a soft crystal phase between < -50 °C and 122 °C where
it then transitions into the liquid crystal phase till it reaches its clearing point at 194 °C. On
cooling, it remains an isotropic liquid until approx. 104 °C where it then transitions into
the soft crystal phase.
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Figure 30.14: DSC of DPP-CHO at 2.00 °C/min under N2 for 3 cycles.
Polarized optical microscopy (POM) confirms the phase transitions observed by
DSC and identifies two mesophases and the isotropic liquid above 194 °C. (Figure 2.15
left). The mesophases are both birefringent, but on eating the marble like texture is
reminiscent of a columnar mesophase. However, the type of columnar mesophase in unable
to be determined and variable temperature X-ray diffraction is required for a reliable phase
assignment.

Figure 2.15: Polarized optical microscopy images of the columnar mesophase on heating
(left, 150 °C) and the columnar mesophase on cooling (right, 24 °C) of DPP-CHO.
The liquid crystallinity of this intermediate along with the other intermediates will
be investigated in the future and if promising the redox and optical properties will be
investigated.
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CHAPTER 3 – Experimental
3.1 Materials
All reagents and solvents were purchased from Sigma-Aldrich and Oakwood Chemicals
and used as received unless otherwise stated. Dry toluene and tetrahydrofuran were
obtained from a solvent purification system (Pure Process Technology Solvent Purification
System).
3.2 Methods
1
H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 500
MHz, DPX 300 MHz or US 300 MHz). The residual proton signals of deuterated solvents
(chloroform (CDCl3), methanol (MeOD), dimethyl sulfoxide (DMSO-d6) and 1, 1, 2, 2tetrachloroethane (TCE)) were used as a reference signal and multiplicities of the peaks are
given as s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt = doublet of triplets,
m = multiplet. Electrospray Ionization HRMS was obtained on an Applied Biosystems
Qstar XL QqTOF mass spectrometer with electrospray ionization (ESI) and matrix assisted
laser desorption ionization (MALDI) sources at Queen’s University. Calorimetric studies
were performed using a DSC 2500 (TA instruments). Powder X-Ray diffraction (pXRD)
measurements were conducted on a Bruker D8 Discover diffractometer with a VÅNTEC500 detector and a copper source that was operated at 40 kV and 40 mA. A modified
INSTEC hot and cold stage HCS 402 and STC 200 controller was used for variable
temperature pXRD measurements. UV-Vis absorption spectra were recorded on an Agilent
8453 spectrophotometer. Cyclic Voltammetry (CV) was performed on a standard onecompartment, three-electrode cell connected to a CH1760E Electrochemical workstation.
A glass carbon disk (3-mm diameter) was used as a working electrode with a Pt wire as the
counter electrode and a saturated calomel electrode (SCE) as the reference electrode.
Solvents were obtained from a solvent purification system (Pure Process Technology
Solvent Purification System) and tetrabutylammonium hexafluorophosphate
([NBu4][PF6]) of electrochemical grade was used as supporting electrolyte (Aldrich).
3.3 Synthesis of DPP Reference Compound
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Scheme 3.1: Synthesis of (top) benzene component and (bottom) thiophene
component.7

Scheme 3.2: Total synthesis of DPP component.8
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Methyl-3,5-dihydroxybenzoate (PhCOOMe, 1)1: A dry 100 mL round bottom flask
containing 3,5-dihydroxybenzoic acid (5.199 g, 1.0 equiv.), sulfuric acid (3 mL) and dry
methanol (50 mL) was heated to 80 °C under dry argon for 4 hours. Upon completion the
reaction mixture was cooled to room temperature, dissolved in ethyl acetate (100 mL) and
washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The product obtained was a white solid
(4.887 g, 86%) that did not require further purification.
H NMR (300 MHz, MeOD, δ ppm): 6.92 (d, J = 2.1 Hz, 2H), 6.47 (t, J = 2.2 Hz, 1H),
4.6 (s, 2H) water, 3.84 (s, 3H) 3.3ppm (s, 0.5H).
1

Figure 31: 1H NMR of 1.
C NMR (300 MHz, MeOD, δ ppm): 169.0, 159.9, 133.2, 109.0, 108.5, 52.8.

13
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Figure 32: 13C NMR of 1.

Methyl 3,5-bis(dodecyloxy)benzoate (C12PhCOOMe, 2)2: A dry 100 mL round bottom
flask containing compound 1 (1.847 g, 1.0 equiv.), potassium carbonate (7.60 g, 5.0
equiv.), 1-bromododecane (6.85 g, 2.5 equiv.), and dry DMF (100 mL) was reacted at 100
°C under dry argon for 24 hours. Upon completion the reaction mixture was cooled to room
temperature, dissolved in ethyl acetate (100 mL) and washed with distilled water. The
organic phase was dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The product was obtained as a white solid (4.714 g, 85%) after purification by
column chromatography using CH2Cl2/hexanes 5:1 and precipitation in MeOH. Rf value
was approx. 0.4.
H NMR (300 MHz, CDCl3, δ ppm): 7.15 (d, J = 2.4 Hz, 2H), 6.63 (t, J = 2.3 Hz, 1H), 3.96
(t, J = 6.5 Hz, 4H), 3.89 (s, 3H), 1.77 (m, 4H), 1.44 (m, 4H), 1.26 (s, 32H), 0.88 (t, J = 6.4
Hz, 6H).
1
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Figure 33: 1H NMR of 2.
C NMR (300 MHz, CDCl3, δ ppm): 167.1, 160.3, 132.0, 107.8, 106.7, 68.5, 52.3, 32.1,
29.8, 29.7, 29.5, 29.3, 26.2, 22.8, 14.3.
13
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Figure 34: 13C NMR of 2.

3,5-bis(dodecyloxy)benzoic acid (C12PhCOOH, 3)3: The following compound was
obtained using a literature procedure by Wang et al.3 A dry 100 mL round bottom flask
containing a solution of potassium hydroxide (2.24 g, 10.0 equiv.), in ethanol (90 mL) and
distilled water (10 mL) was added to compound 2 benzoate (2.0 g, 1.0 equiv.) under dry
argon and stirred for 16 hours at room temperature. Upon completion the reaction mixture
was cooled to room temperature, dissolved in diethyl ether (100 mL) and washed with
distilled water. The organic phase was dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The product was obtained as a white solid (1.724 g, 89%)
after purification by column chromatography using hexanes/ethyl acetate 10:1. Rf value
was approx. 0.4.
H NMR (300 MHz, CDCl3, δ ppm): 7.23 (d, J = 2.3 Hz, 2H), 6.68 (t, J = 2.3 Hz, 1H), 3.98
(t, J = 6.5 Hz, 4H), 1.78 (m, 4H), 1.45 (m, 4H), 1.26 (s, 36H), 0.88 (t, J = 6.4 Hz, 6H).
1
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Figure 35: 1H NMR of 3.
C NMR (300 MHz, CDCl3, δ ppm): 171.8, 160.4, 131.0, 108.3, 107.6, 68.5, 32.1, 29.8,
29.7, 29.5, 29.3, 26.1, 22.8, 14.3. Only 8 of 11 CH2 groups are visible in the spectra due to
overlap of peaks.
13
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Figure 36: 13C NMR of 3.

5-bromo-4-hexylthiophene-2-carbaldehyde (ThioCHO, 4)4: The compound was
synthesized in a dry 100 mL round bottom flask containing a solution of 2-bromo-3hexylthiophene (1.99 g, 1.0 equiv.) in THF (50 mL). The solution was cooled to -78 °C
and lithium diisopropylamide (4.02 mL, 1.0 equiv.) was added dropwise and stirred for 30
minutes under dry argon. Dry DMF (1.25 mL, 2.0 equiv.) was then added dropwise to the
solution which was warmed to room temperature and stirred overnight. Upon completion
the reaction mixture was cooled to room temperature, dissolved in diethyl ether (100 mL)
and washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The pure yellow oil (1.657 g, 75%) was then
obtained after column chromatography using hexanes/ethyl acetate 10:1. Rf value was
approx. 0.45.
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H NMR (500 MHz, CDCl3, δ ppm): 9.73 (s, 1H), 7.44 (s, 1H), 2.57 (t, J = 7.5 Hz, 2H),
1.58 (m, 2H), 1.30 (m, 6H), 0.88 (t, J = 1.5 Hz, 3H).
1

Figure 37: 1H NMR of 4.
C NMR (500 MHz, CDCl3, δ ppm): 181.9, 144.0, 143.0, 136.8, 122.1, 31.6, 29.6, 29.5,
28.9, 22.6, 14.1.
13
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Figure 3.8: 13C NMR of 4.

3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (5): This compound was
synthesized according to a literature procedure reported by Matthews et al.5 To a dry
500mL two-neck round bottom flask, potassium tert-butoxide (25 g, 3 equiv.) and tertamyl alcohol (150 mL) were added. The flask was heated to 105 °C and stirred until the
potassium tert-butoxide was completely dissolved. 2-thiophenecarbonitrile (20.23 g, 2.5
equiv.) was added once the potassium hydroxide was completely dissolved. A mixture of
diisopropyl succinate (15 g, 1 equiv.) in tert-amyl alcohol (22 mL) was added dropwise
with rapid stirring over 3 hours. Once added the reaction was left for 2 hours then cooled
to 50 °C. An 8:2 mixture of MeOH:H2O was added in the same volume as the original
solvent then left to reflux for 45 minutes. The mixture was then poured over ice and an 8:2
mixture of MeOH:HCl (35% aq.) that is double the volume of the original solvent was
58

added. The solid was then filtered and washed with methanol and water using the same
volume as the original solvent. The solid was then collected and dried under vacuum (16.21
g, 72%).

2,5-bis(6-hydroxyhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (DPP-C6OH, 6): A dry 250 mL round bottom flask containing compound 5 (3.193
g, 1.0 equiv.), potassium carbonate (4.41 g, 3.0 equiv.) and dry DMF (80 mL) was heated
to 100 °C under argon for 1 hour. 6-bromo-1-hexanol (4.24 g, 2.2 equiv.) was added and
the reaction was left to stir overnight. Upon completion the reaction mixture was cooled to
room temperature, dissolved in chloroform (100 mL) and washed with distilled water. The
organic phase was dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The product obtained was a dark purple solid (1.604 g, 30%) after purification by
column chromatography using CH2Cl2/acetone 5:1. Rf value was approx. 0.2.
H NMR (500 MHz, DMSO-d6, δ ppm): 8.81 (dd, J = 3.5 Hz, 2H), 8.09 (dd, J = 5 Hz, 2H),
7.41 (dd, J = 5 Hz, 2H), 4.35 (t, J = 5 Hz, 4H), 3.98 (t, J = 7.5 Hz, 4H), 1.62 (m, 2H), 1.39
(m, 4H), 1.31 (m, 12H).
1
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Figure 3.9: 1H NMR of 6.
C NMR (500 MHz, DMSO-d6, δ ppm): 160.3, 139.3, 134.6, 132.9, 129.0, 128.6, 106.5,
60.5, 41.48, 32.3, 29.3, 26.1, 25.0.
13
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Figure 3.10: 13C NMR of 6.

2,5-bis(6-((tert-butyldimethylsilyl)oxy)hexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4c]pyrrole-1,4(2H,5H)-dione (DPP-C6OTBDMS, 7): A dry 100mL flask containing
compound 6 (0.999 g, 1.0 equiv.), tert-butyldimethylsilyl chloride (0.662 g, 2.2 equiv.),
imidazole (0.340 g, 2.5 equiv.) and dry DCM (50 mL) was reacted at room temperature
under argon overnight Upon completion the reaction mixture was cooled to room
temperature, dissolved in dichloromethane (100 mL) and washed with distilled water. The
organic phase was dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The product was obtained as a dark purple solid (1.175 g, 81%) after purification
by column chromatography using CH2Cl2/acetone 20:1. Rf was approx. 0.4.
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H NMR (500 MHz, CD2Cl2, δ ppm): 8.92 (dd, J = 3.5 Hz, 2H), 7.64 (dd, J = 5 Hz, 2H),
7.27 (dd, J = 5 Hz, 2H), 4.04 (t, J = 7.7 Hz, 4H), 3.58 (t, J = 6.3 Hz, 4H), 1.70 (s, 2H), 1.49
(m, 2H), 1.37 (m, 4H), 0.86 (s, 18H), 0.01 (s, 12H).
1

Figure 3.11: 1H NMR of 7.
C NMR (500 MHz, CD2Cl2, δ ppm): 161.6, 140.2, 135.5, 131.2, 130.4, 129.0, 108.2,
63.5, 42.5, 33.3, 30.5, 27.2, 26.3, 26.0, 18.7, 5.0.
13
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Figure 3.12: 13C NMR of 7.
HRMS (TOF MS ESI(+)) m/z: [M + H] Calcd. for C38H61N2O4S2Si2+, 729.36058; found
729.36108.
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Figure 3.13: High resolution mass spectroscopy of 7.

2,5-bis(6-((tert-butyldimethylsilyl)oxy)hexyl)-3,6-bis(5-(tributylstannyl)thiophen-2yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (SnDPP, 8): A dry 100 mL flask containing
compound 7 (1.175 g, 1.0 equiv.) dissolved in dry THF (50 mL) was cooled to -78 °C under
argon. Lithium diisopropylamide (3.38 mL, 2.1 equiv.) was added dropwise to the solution
and stirred for 2 hours. Tributyltin chloride (0.920 mL, 2.1 equiv.) was then added dropwise
to the solution and then allowed to warm to room temperature and stirred overnight. Upon
completion the reaction mixture was cooled to room temperature, dissolved in chloroform
(100 mL) and washed with distilled water. The organic phase was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. The product was obtained as
a dark purple oil (1.221 g, 58%) after purification by column chromatography using
CH2Cl2. Rf was approx. 0.35.
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H NMR (500 MHz, CDCl3, δ ppm): 9.07 (d, J = 3.5 Hz, 2H), 7.32 (d, J = 3.5 Hz, 2H),
4.11 (t, J = 7.5 Hz, 4H), 3.58 (t, J = 6.5 Hz, 4H), 1.76 (m, 4H), 1.59 (m, 11H), 1.36 (m,
17H), 1.17 (t, J = 8.25 Hz, 9H), 0.89 (t, J = 7.3 Hz, 18H), 0.87 (s, 18H), 0.02 (s, 12H).
1

Figure 3.14: 1H NMR of 8.
C NMR (500 MHz, CDCl3, δ ppm): 161.6, 145.8, 139.5, 136.8, 136.2, 135.3, 106.9, 63.2,
42.3, 32.9, 30.2, 29.1, 29.089, 29.003, 27.5, 27.3, 27.1, 26.9, 26.1, 25.7, 18.5, 13.8, 12.7,
12.6, 11.2, 9.9, 9.8, 5.126.
13
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Figure 3.15: 13C NMR of 8.
HRMS (TOF MS ESI(+)) m/z: [M + H]+ Calcd. for C62H113N2O4S2Si2Sn2+, 1309.57187;
found 1309.57166.
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Figure 3.16: High resolution mass spectroscopy of the isotopic pattern of 8 (top)
experimental spectra (bottom) simulated spectra.
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5',5'''-(2,5-bis(6-((tert-butyldimethylsilyl)oxy)hexyl)-3,6-dioxo-2,3,5,6tetrahydropyrrolo[3,4-c]pyrrole-1,4-diyl)bis(3-hexyl-[2,2'-bithiophene]-5carbaldehyde) (DPP-CHO, 9): A dry 20 mL microwave vial containing compound 8
(0.779 g, 1.0 equiv.), 5-bromo-4-hexylthiophene-2-carbaldehyde (0.36 g, 2.2 equiv.),
PdCl2[PPh3]2 (0.03 g, 0.07 equiv.) and Tri(o-tolyl)phosphine (0.027 g, 0.15 equiv.)
dissolved in dry toluene (15 mL) under argon then heated to 140 °C for 2 hours in a
microwave reactor. Upon completion the reaction mixture was cooled to room temperature,
dissolved in dichloromethane (100 mL) and washed with distilled water. The organic phase
was dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The
pure product was obtained as a dark blue powder (0.566 g, 85%) after purification by
column chromatography using CH2Cl2/acetone 20:1. Rf was approx. 0.25.
H NMR (300 MHz, CDCl3, δ ppm): 9.85 (s, 2H), 9.01 (d, J = 7 Hz, 2H), 7.62 (s, 2H), 7.42
(d, J = 7 Hz), 4.10 (t, J = 7.56 Hz, 4H), 3.58 (t, J = 6.27 Hz, 4H), 2.85 (t, J = 7.5 Hz, 4H),
1.75 (m, 12H), 1.33 (m, 20H), 0.91 (t, J = 7.2 Hz, 6H), 0.86 (s, 18H), 0.01 (s, 12H).
1
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Figure 3.17: 1H NMR of 9.
C NMR (500 MHz, CDCl3, δ ppm): 182.6, 161.3, 142.1, 141.7, 140.5, 139.5, 139.3,
138.9, 136.4, 130.8, 128.7, 108.9, 63.2, 42.5, 32.9, 31.8, 30.4, 30.3, 29.9, 29.3, 28.0, 27.0,
26.9, 26.1, 25.7, 22.7, 18.5, 17.7, 14.2, 13.7, 5.1.
13
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Figure 3.18: 13C NMR of 9.
HRMS (TOF MS ESI(+)) m/z: [M +H]+ Calcd. for C60H89N2O6S4Si2+, 1117.51365; found
1117.51205.
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Figure 3.19: High resolution mass spectroscopy of 9.

5',5'''-(2,5-bis(6-hydroxyhexyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole1,4-diyl)bis(3-hexyl-[2,2'-bithiophene]-5-carbaldehyde) (DPP-OH-CHO, 10):
Method 1: A dry 100 mL flask containing compound 9 (0.566 g, 1.0 equiv.) was dissolved
in a 3:1 mixture of THF and 30% HCl (50 mL) and was then heated to 60 °C for 3 hours
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under argon. Upon completion the reaction mixture was cooled to room temperature,
dissolved in dichloromethane (100 mL) and washed with distilled water. The organic phase
was dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The
product was obtained as a dark blue/black solid (0.306 g, 68%) after purification by column
chromatography using CHCl3/acetone 9:1 and prep plate using CHCl3/acetone 5:1. Rf was
approx. 0.1.
Method 2: A dry 50 mL round bottom flask containing compound 6 (0.100 g, 1.0 equiv.),
compound 4 (0.120 g, 2.2 equiv.), cesium carbonate (0.195 g, 3.0 equiv.), Pd2(dba)3 (0.003
g, 0.02 equiv.) and tri(o-methoxyphenyl)phosphine (0.006 g, 0.08 equiv.) was dried
overnight under vacuum. PivOH (0.005 g, 0.25 equiv.) and dry THF (30 mL) were then
added under an atmosphere of argon and the reaction mixture was heated to 100 °C for 24
hours. Upon completion the reaction mixture was cooled to room temperature, dissolved
in chloroform (100 mL) and washed with distilled water. The organic phase was dried over
Na2SO4, filtered and the solvent was removed under reduced pressure. No product was
obtained.
H NMR (500 MHz, TCE @ 80 °C, δ ppm): 9.89 (s, 2H), 9.00 (d, J = 4.5 Hz, 2H), 7.67 (s,
2H), 7.49 (d, J = 2 Hz), 4.14 (t, J = 7 Hz, 4H), 3.67 (t, J = 6 Hz, 4H), 2.91 (t, J = 7.5 Hz,
4H), 1.85 (m, 10H) impurity, 1.78 (m, 14H) impurity, 1.32 (m, 20H), 0.95 (t, 6H), 0.126
(s, 3H) impurity.
1
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Figure 3.20: 1H NMR of 10.
C NMR (500 MHz, TCE @ 80 °C, δ ppm): 182.0, 161.1, 142.1, 141.6, 140.2, 139.0,
138.9, 138.2, 135.9, 130.5, 128.4, 120.2 (impurity), 108.9, 99.4 (impurity), 62.4, 42.1,
32.4, 31.6, 31.3, 29.9, 29.8, 29.5, 29.4, 29.0, 28.9, 26.4, 25.2, 22.4, 22.3, 13.8, 13.7.
13
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Figure 3.21: 13C NMR of 10.
HRMS (TOF MS ESI(+)) m/z: [M] Calcd. for C48H60N2O6S4, 888.33287; found 888.33409.
[M + H]+ Calcd. for C48H61N2O6S4+, 889.34070; found 889.34089. [M + 2H]+2 Calcd. for
C48H62N2O6S42+, 890.34852; found 890.34551.
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Figure 3.22: High resolution mass spectroscopy of 10.

(3,6-bis(5'-formyl-3'-hexyl-[2,2'-bithiophen]-5-yl)-1,4-dioxopyrrolo[3,4-c]pyrrole2,5(1H,4H)-diyl)bis(hexane-6,1-diyl) bis(3,5-bis(dodecyloxy)benzoate) (DPP-CHO75

Ph, 11)4: A dry 50 mL flask containing compound 10 (0.097 g, 1.0 equiv.), DMAP (0.033
g, 2.5 equiv.), triethyl amine (0.027 g, 2.5 equiv.), EDC (0.052 g, 2.5 equiv.) and 3,5bis(dodecyloxy)benzoic acid (0.118 g, 2.2 equiv.) dissolved in dry chlorobenzene and CS2
(2:1) and left to stir at room temperature for 24 hours under argon. Upon completion the
reaction mixture was cooled to room temperature, dissolved in dichloromethane (100 mL)
and washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The product was obtained as a dark
blue/black solid (0.031 g, 15%) after purification by column chromatography using
CH2Cl2. Rf was approx. 0.25.
H NMR (500 MHz, CDCl3, δ ppm): 9.85 (s, 2H), 9.02 (d, J = 4 Hz, 2H), 7.61 (s, 2H), 7.44
(d, J = 4 Hz, 2H), 7.12 (d, J = 2.5 Hz, 4H), 6.60 (t, J = 2.5 Hz), 4.28 (t, J = 7 Hz, 4H), 4.12
(t, J = 7.5 Hz, 4H), 3.93 (t, J = 6.5 Hz, 8H), 2.84 (t, J = 7.5 Hz, 4H), 1.75 (m, 24H), 1.55
(m, 24H), 1.42 (m, 12H), 1.25 (m, 80H), 0.87 (t, J = 6.5 Hz 23H), 0.06 (s, 6H, grease).
Impurity in peak 0.87, should be 14H.
1

Figure 3.23: 1H NMR of 11.
C NMR (500 MHz, CDCl3, δ ppm): 182.6, 166.6, 161.3, 160.3, 142.1, 141.7, 140.6,
139.4, 139.3, 138.8, 136.5, 132.2, 130.7, 128.8, 108.9, 107.8, 106.4, 68.5, 65.1, 42.4, 32.1,
31.8, 30.4, 30.2, 29.9, 29.8, 29.7, 29.7, 29.5, 29.5, 29.3, 28.8, 26.8, 26.2, 25.9, 22.8, 22.7.
13
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Figure 3.24: 13C NMR of 11.
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(3,6-bis(5'-(2,2-dicyanovinyl)-3'-hexyl-[2,2'-bithiophen]-5-yl)-1,4-dioxopyrrolo[3,4c]pyrrole-2,5(1H,4H)-diyl)bis(hexane-6,1-diyl)
bis(3,5-bis(dodecyloxy)benzoate)
(DPP-DCV, 12): A dry 50 mL flask containing compound 11 (0.031 g, 1.0 equiv.),
NaHCO3 (0.00043 g, 0.3 equiv.) and malononitrile (0.0014 g, 1.25 equiv.) dissolved in a
mixture of 30% EtOH in THF and left to stir at room temperature for 24 hours under argon.
Upon completion the reaction mixture was cooled to room temperature, dissolved in diethyl
ether (100 mL) and washed with distilled water. The organic phase was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. The product was obtained as
a dark green/ black solid (0.026 g, 80%) after purification by prep plate in CH2Cl2. Rf was
approx. 0.2.
H NMR (300 MHz, CDCl3, δ ppm): 9.04 (d, J = 4.5 Hz, 2H), 7.70 (s, 2H), 7.58 (s, 2H),
7.50 (d, J = 2 Hz), 7.11 (d, J = 2 Hz, 4H), 6.60 (t, J = 2 Hz, 2H), 4.28 (t, J = 7 Hz, 4H),
4.13 (t, J = 7.5 Hz, 4H), 3.95 (t, J = 6.5 Hz, 8H), 2.85 (t, J = 7.5 Hz, 4H), 1.76 (m, 22H),
1.55 (m, 24H), 1.42 (m, 14H), 1.25 (m, 80H), 0.87 (t, J = 6.5 Hz, 18H). Impurities: 5.30
(DCM) and 2.17 (acetone).
1
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Figure 3.25: 1H NMR of 12.
C NMR (500 MHz, CDCl3, δ ppm): 166.6, 161.2, 160.3, 149.7, 142.6, 141.6, 141.2,
139.4, 139.2, 136.6, 133.7, 132.2, 131.6, 129.5, 114.1, 113.3, 109.4, 107.8, 106.3, 77.9,
68.5, 65.1, 42.4, 32.1, 31.7, 30.2, 29.8, 29.8, 29.7, 29.7, 29.5, 29.5, 29.3, 28.8, 26.7, 26.2,
25.8, 22.8, 22.7, 14.3.
13
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Figure 3.26: 13C NMR 12.
HRMS (TOF MS ESI(+)) m/z: [M] Calcd. for C116H164N6O10S4, 1930.14382; found
1930.14645.
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Figure 3.27: High resolution mass spectroscopy of the isotopic pattern of 12 (top)
experimental spectra, (bottom) simulated spectra.
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3.4 Attempted Synthesis of thiophene components

Scheme 3.3: Attempted synthesis of thiophene components.9

2-((5-bromo-4-hexylthiophen-2-yl)methylene)malononitrile (13): A dry 50 mL flask
containing compound 4 (1.531 g, 1.0 equiv.), NaHCO3 (0.140 g, 0.3 equiv.) and
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malononitrile (0.459 g, 1.25 equiv.) dissolved in a mixture of 30% EtOH in THF and left
to stir at room temperature for 24 hours under argon. Upon completion the reaction mixture
was cooled to room temperature, dissolved in diethyl ether (100 mL) and washed with
distilled water. The organic phase was dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The product obtained was a white solid (1.294 g, 85%)
after purification by column chromatography using hexanes/ethyl acetate 2:1. Rf was
approx. 0.55.
H NMR (300 MHz, CDCl3, δ ppm): 7.67 (s, 1H), 7.42 (s, 1H), 2.60 (t, J = 7.5 Hz, 2H),
1.54 (m, 2H), 1.31 (s, 6H), 0.89 (t, J = 6.4 Hz, 3H).
1

Figure 3.28: 1H NMR of 13.
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2-((4-hexyl-5-(trimethylstannyl)thiophen-2-yl)methylene)malononitrile (14): A dry 20
mL microwave vial containing compound 13 (0.050 g, 1.0 equiv.), hexamethyl ditin (0.152
g, 3.0 equiv.) and Pd[PPh3]4 (0.0178 g, 0.10 equiv.) was dissolved in dry toluene (15 mL)
under argon then heated to 110 °C for 1.5 hours in a microwave reactor. Upon completion
the reaction mixture was cooled to room temperature, dissolved in diethyl ether (50 mL)
and washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. No product was obtained.

2-((4-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2yl)methylene)malononitrile (15): A dry 100 mL round bottom containing compound 13
(0.212 g, 1.0 equiv.), bis(pinacolato)diboron (0.200 g, 1.2 equiv.), Pd(dppf)Cl2 (0.048 g,
0.10 equiv.), potassium acetate (0.129 g, 2.0 equiv.) and dry DME (50 mL) was reacted at
70 °C under an argon atmosphere for 24 hours. Upon completion the reaction mixture was
cooled to room temperature, dissolved in diethyl ether (100 mL) and washed with distilled
water. The organic phase was dried over Na2SO4, filtered and the solvent was removed
under reduced pressure. The product was obtained as a yellow/brown solid (0.073 g, 30%)
after purification by column chromatography using hexanes/ethyl acetate 2:1. Rf was
approx. 0.4.
H NMR (300 MHz, CDCl3, δ ppm): 7.62 (s, 1H), 7.66 (s, 1H), 2.86 (t, J = 7.5 Hz, 2H),
1.56 (m, 2H), 1.34 (s, 12H), 1.29 (m, 6H), 0.88 (t, J = 6.1 Hz, 3H).
1
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Figure 3.29: 1H NMR of 15.

3-hexylthiophene-2-carbaldehyde (16):6 The compound was synthesized in a dry 100 mL
round bottom flask containing a solution of 2-bromo-3-hexylthiophene (5 g, 1.0 equiv.) in
THF (70 mL). The solution was cooled to -78 °C and nBuLi (8.09 mL, 1.0 equiv., 2.5 M)
was added dropwise and stirred for 30 minutes under dry argon. Dry DMF (13.13 mL, 2.0
equiv.) was then added dropwise to the solution which was warmed to room temperature
and stirred overnight. Upon completion the reaction mixture was dissolved in diethyl ether
(100 mL) and washed with distilled water. The organic phase was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. The pure yellow oil (3.219
g, 81%) was then obtained after column chromatography using hexanes/ethyl acetate 10:1.
Rf was approx. 0.45.
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H NMR (300 MHz, CDCl3, δ ppm): 10.04 (s, 1H), 7.64 (dt, J = 4.9 Hz, 1H), 7.00 (d, J =
4.8 Hz, 1H), 2.96 (t, J = 7.8 Hz, 2H), 1.66 (m, 2H), 1.31 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H).
1

Figure 3.30: 1H NMR of 16.

3-hexylthiophene-2-carbonitrile (17): The compound was synthesized using a literature
procedure by Bronstein et al. The product obtained was a brown/yellow oil (1.771 g, 91%)
that did not require further purification.
H NMR (300 MHz, CDCl3, δ ppm): 7.47 (d, J = 5.1 Hz, 1H), 6.96 (d, J = 5.1 Hz, 1H),
2.79 (t, J = 7.2 Hz, 2H), 1.65 (m, 2H), 1.31 (m, 6H), 0.88 (t, J = 6.6 Hz, 3H).
1
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Figure 3.31: 1H NMR of 17.

2-(5-bromo-4-hexylthiophen-2-yl)-1,3-dioxolane (18): A dry 100 mL round bottom flask
containing compound 4 (2.796 g, 1.0 equiv.), ethylene glycol (0.85 mL, 1.5 equiv.) and
pTsOH•H2O (0.26 g, 0.15 equiv.) was dissolved in wet toluene and brought to 140 °C for
24 hours using a Dean-Stark apparatus. Upon completion the reaction mixture was cooled
to room temperature, dissolved in diethyl ether (100 mL) and washed with distilled water.
The organic phase was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The reaction only obtained ca. 40% conversion of starting material
according to NMR with the product being inseparable from the starting material no pure
product was obtained. Optimization attempts all failed to increase yield and, in some
attempts, degraded the product.
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3.5 Attempted synthesis of other DPP intermediates
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Scheme 3.4: Attempted synthesis of other DPP intermediates.10

3,6-bis(3-hexylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (19)5: This
compound was attempted to be synthesized according to a literature procedure reported
by Matthews et al. No product was obtained.

2,5-bis(9-hydroxynonyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (20): A dry 100 mL round bottom flask containing compound 5 (1.89 g, 1.0 equiv.),
cesium carbonate (3.55 g, 3.0 equiv.) and dry DMF (80 mL) was heated to 100 °C under
argon for 1 hour. 9-bromo-1-nonanol (1.79 g, 2.2 equiv.) was added and the reaction was
left to stir overnight. Upon completion the reaction mixture was cooled to room
temperature, dissolved in chloroform (100 mL) and washed with distilled water. The
organic phase was dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The product obtained was a dark purple solid (0.479 g, 13%) after purification by
column chromatography using CH2Cl2/acetone 5:1. Rf was approx. 0.25.
H NMR (300 MHz, CDCl3, δ ppm): 8.92 (dd, J = 3.9 Hz, 2H), 7.65 (dd, J = 5.1 Hz, 2H),
7.29 (dd, J = 5.1 Hz, 2H), 4.07 (t, J = 7.8 Hz, 4H), 3.62 (t, J = 6.6 Hz, 4H), 1.71 (m, 4H),
1.55 (m, 4H), 1.38 (m, 4H), 1.30 (m, 16H).
1
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Figure 3.32: 1H NMR of 20.

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(9-hydroxynonyl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (21): A dry 100 mL round bottom flask containing compound 20 (0.149
g, 1.0 equiv.) and NBS (0.09 g, 2.0 equiv.) was dissolved in dry chloroform under an argon
atmosphere and left to stir at room temperature for 24 hours. Upon completion the reaction
mixture was cooled to room temperature, dissolved in chloroform (100 mL) and washed
with distilled water. The organic phase was dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The product obtained was a dark purple solid (0.150 g,
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80%) after purification by column chromatography using CH2Cl2/acetone 5:1. Rf was
approx. 0.25.
H NMR (300 MHz, CDCl3, δ ppm): 8.67 (d, J = 2.7 Hz, 2H), 7.24 (d, J = 2.7 Hz, 2H),
4.12 (tt, 3H, impurity, O-alkylation), 3.98 (t, J = 4.8 Hz, 4H), 3.62 (t, J = 3.9 Hz, 4H), 1.7
(m, 6H), 1.65 (m, 6H), 1.31 (m, 16H).
1

Figure 3.33: 1H NMR of 21.
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2,5-bis(9-hydroxynonyl)-3,6-bis(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (22):7 A dry 100 mL round
bottom containing compound 21 (0.198 g, 1.0 equiv.), bis(pinacolato)diboron (0.169 g, 2.5
equiv.), Pd(dppf)Cl2 (0.019 g, 0.10 equiv.), potassium acetate (0.104 g, 4.0 equiv.) and dry
toluene (50 mL) was reacted at 110 °C under an argon atmosphere for 24 hours. Upon
completion the reaction mixture was cooled to room temperature, dissolved in chloroform
(100 mL) and washed with distilled water. The organic phase was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. No product was obtained.

2,2'-((5',5'''-(2,5-bis(9-hydroxynonyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4c]pyrrole-1,4-diyl)bis(3-hexyl-[2,2'-bithiophene]-5',5diyl))bis(methanylylidene))dimalononitrile (23)8: A dry 50 mL round bottom flask
containing compound 20 (0.192 g, 1.0 equiv.), compound 15 (0.233 g, 2.2 equiv.), cesium
carbonate (0.320 g, 3.0 equiv.), Pd2(dba)3 (0.005 g, 0.02 equiv.) and tri(o92

methoxyphenyl)phosphine (0.009 g, 0.08 equiv.) was dried overnight under vacuum.
PivOH (0.036 g, 0.25 equiv.) and dry THF (40 mL) were then added under an atmosphere
of argon and the reaction mixture was heated to 100 °C for 24 hours. Upon completion the
reaction mixture was cooled to room temperature, dissolved in chloroform (100 mL) and
washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. No product was obtained.

Di-tert-butyl
1,4-dioxo-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-2,5(1H,4H)9
dicarboxylate (24): A dry 250 mL round bottom flask containing compound 5 (2.0 g, 1.0
equiv.) di-tert-butyl decarbonate (3.2 g, 2.2 equiv.), DMAP (1.8 g, 2.2 equiv.) and dry THF
(100 mL) was stirred at room temperature for 24 hours. Upon completion the reaction
mixture was dissolved in chloroform (100 mL) and washed with distilled water. The
organic phase was dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The product obtained was a dark purple solid (1.71 g, 51%) after purification by
column chromatography using CH2Cl2/hexanes 2:1. Rf was approx. 0.2.
H NMR (300 MHz, CDCl3, δ ppm): 8.22 (dd, 2H), 7.63 (d, J = 5.1 Hz, 2H), 7.2 (d, J =
3.9 Hz, 2H), 1.59 (s, 9H).
1
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Figure 3.34: 1H NMR of 24.
C NMR (300 MHz, CDCl3, δ ppm): 159.2, 148.9, 138.1, 134.0, 131.9, 129.8, 128.2,
110.4, 86.0, 27.8.
13
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Figure 3.35: 13C NMR 24.

Di-tert-butyl
1,4-dioxo-3,6-bis(5-(tributylstannyl)thiophen-2-yl)pyrrolo[3,4c]pyrrole-2,5(1H,4H)-dicarboxylate (25):7 A dry 100 mL flask containing compound 24
(0.300 g, 1.0 equiv.) dissolved in dry THF (50 mL) was cooled to -78 °C under argon.
Lithium diisopropylamide (0.660 mL, 2.2 equiv.) was added dropwise to the solution and
stirred for 2 hours. Tributyltin chloride (0.358 mL, 2.2 equiv.) was then added dropwise to
the solution and then allowed to warm to room temperature and stirred overnight. Upon
completion the reaction mixture was cooled to room temperature, dissolved in chloroform
(100 mL) and washed with distilled water. The organic phase was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. Material appeared to have
degraded and no product was obtained.
95

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(6-hydroxyhexyl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (26): A dry 100 mL round bottom flask containing compound 6 (0.261
g, 1.0 equiv.) and NBS (0.186 g, 2.0 equiv.) was dissolved in dry chloroform under an
argon atmosphere and left to stir at room temperature for 24 hours. Upon completion the
reaction mixture was cooled to room temperature, dissolved in chloroform (100 mL) and
washed with distilled water. The organic phase was dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. No product was obtained.
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3.6 Thermal, optical, and redox properties of DPP-DCV

Figure 3.36: DSC of DPP-DCV (12) at 2.00 °C/min under N2. Shown is the 1st
(blue/green), 2nd (red/brown) and 3rd (pink/yellow) heating and cooling run. No
difference was observed on cooling but minor differences observed on heating.

Figure 3.37: DSC of DPP-DCV (12) at 2.00 °C/min under N2. Peak Temperatures and
enthalpies are shown.

Figure 3.38: Cyclic voltammogram of blank sample (CH2Cl2, 0.01 M [NBu4][PF6]) at
100 mV/s.
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3.7 Purity of DPP-DCV measured by HPLC

Figure 3.39: HPLC of DPP-DCV at (a) 260 nm, (b) 438 nm, and (c) 637 nm in DCE.38
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Table 3.1: HPLC Data of DPP-DCV.
Wavelength (nm)
260

Retention Time (min)
3.155
3.489
3.779
6.807
14.350

% Area
0.79
0.48
0.66
0.38
97.69

438

14.341

100

637

3.186
14.171

0.13
99.87

Table 3.2: pXRD values for DPP-DCV.
24 ºC (as
precipitated)
2-theta / d-value
2.493 / 35.402

110 ºC
2-theta / d-value
2.335 / 37.798

150 ºC
2-theta / dvalue
2.316 / 38.118

5.542 / 15.933

5.007 / 17.635
7.631 / 11.575

4.958 / 17.809
7.560 / 11.684

24 ºC (cooling)
2-theta / d-value
2.473 / 35.688
3.752 / 23.532
5.321 / 16.596
8.098 / 10.909

8.526 / 10.363
10.077 / 8.770
two peaks
11.248 / 7.859
12.810 / 6.905
14.629 / 6.050
17.076 / 5.188
17.765 / 4.989
18.731 / 4.733
19.637 / 4.517
20.376 / 4.355
21.322 / 4.168
23.073 / 3.852
24.919 / 3.570
25.862 / 3.442
26.866 / 3.316

8.725 / 10.127
9.843 / 8.979

9.808 / 9.004

10.122 / 8.732

10.313 / 8.571

10.174 / 8.694

10.476 / 8.437
13.860 / 6.384
15.545 / 5.695
16.618 / 5.330
17.958 / 4.935

19.7 / 4.5 halo

19.7 / 4.5 halo
20.296 / 4.372

24.279 / 3.663

24.087 / 3.692
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24.716 / 3.599

Figure 3.40: Diffraction pattern of bulk sample of DDP- DCV at 110 ºC (columnar
mesophase). Peaks are labelled with d-spacings in Å.39

Figure 3.41: Diffraction pattern of bulk sample of DDP-DCV at 150 ºC (columnar
mesophase). Peaks are labelled with d-spacings in Å.40
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